In this study, a low-cost and sensitive voltammetric method was developed for the determination of paraquat (PQ 2+ ). This was achieved by coating a glassy carbon electrode with a purified fraction of a smectite-type clay, which was then used to accumulate paraquat by an ion exchange process. The electronanalytical procedure involves two steps: the chemical preconcentration of paraquat under open-circuit conditions in an aqueous medium, followed by the voltammetric detection of the preconcentrated pollutant in a medium containing permanganate ions which significantly improved through its catalytic action the electrode response. A systematic study of the experimental conditions (pH of the accumulation and detection media, permanganate concentration in the detection medium, clay content of the coating, potential and duration of the electrolysis step) on the stripping response were examined in detail. After optimization, a linear calibration curve for paraquat was obtained in the concentration range from 1.6 to 2.8 µM, leading to a detection limit of 3.8 × 10 -9 mol·L -1 (S/N = 3). The proposed method was successfully applied to the determination of paraquat in spring water.
Introduction
Paraquat (1,1'-dimethyl-4,4'-bipyridinium ion), also known as methyl viologen (PQ 2+ ) is a bipyridinium pesticide widely used in many countries for its herbicidal properties [1, 2] . It was introduced as a commercial herbicide in 1962 [3] and is nowadays used to control broad-leaved weeds and grasses. It can be also used as a desiccant for pineapples, sugar canes, soya beans and sunflower [4] . However, paraquat is known as a highly toxic chemical, which presents negative effects for the environment. Due to its high solubility in water (about 620 g⋅L -1 at 25˚C [5] ), this compound is a potential contaminant for surrounding and drinking water. Paraquat has thus been analyzed using a wide range of analytical techniques such as spectrophotometry [6] , flow injection potentiometry [7] and liquid chromatography [8] . These techniques operate quite well but they present a certain number of disadvantages: separation processes in the pretreatment of samples are often complex, analysis times are long, and most of these techniques require expensive equipment [9, 10] .
For the past decade, works devoted to the implementation of electrochemical devices suitable for the detection and sensing of paraquat have gained growing interest, the main purposes of these developments being the building of convenient, sensitive and rapid electroanalytical technique [11] . Along these lines, the electrochemical determination of paraquat has also been performed at different solid electrode surfaces [12, 13] and on modified electrodes [14] . Interestingly, the voltammetric determination of this positively charged compound has been successfully achieved using electrodes chemically modified with cation-exchange materials such as resin [14] , nafion [15] or phosphate [16] . Despite these interesting results, there is still a need to develop simple, sensitive and low cost electrochemical sensors that could allow the analytical quantification of paraquat in environmental matrices where it is present at trace level. On the other hand, some studies have shown that the combination of electrochemical methods and electrocatalysis is a prominent way to greatly increase the sensitivity of modified electrodes [15] . Usually electrocatalysis is characterized by a shift of the oxidation/ reduction potential to a less positive/negative value, and/or the enhancement of the cathodic or anodic current or both; these aspects can be advantageously exploited to perform electroanalytical determination of pollutants.
The interaction of paraquat with clay minerals has been extensively studied by UV and IR techniques [17] [18] [19] , and the herbicidal activity of this compound was found to decrease significantly upon its adsorption by clays. Clay minerals are naturally occurring materials, cheap and widely available. Their well-defined layered structure and flexible adsorptive properties make them interesting materials that can be used as catalysts or catalytic supports, or sorbents for inorganic and organic pollutants [20, 21] .
Therefore, the aim of the present study was to elaborate an electrochemical sensor for paraquat using a smectite clay film coated on glassy carbon electrode. Aiming at increasing the sensibility of the expected sensor, the catalytic effect of a strong oxidant (namely potassium permanganate) on the square wave voltammetric detection of paraquat was also investigated.
Experimental

Clay Mineral, Pre-Treatment and Characterization
The clay mineral used in this study (namely "Ba") was a smectite collected from Baba hills (West-Cameroon, Central Africa). Its chemical composition and structural formula are provided elsewhere [22, 23] . It is characterized by a cation exchange capacity (C.E.C) of 89 meq per 100 g, and a specific surface area (N 2 adsorption-desorption, BET) of 155 m 2 ⋅g -1 . The study was carried out on the ≤2 µm clay fraction obtained by wet sedimentation. The clay was used in its sodium homoionic (referred as Ba-Na + ) collected according to procedures previously described [24] , summarized as follow: 5 g of the clay crushed and sieved at 80 µM were dispersed in 200 mL of 1 M NaCl solution, and stirred mechanically for 8 hours. The clay suspension was centrifuged at 5000 rpm for 10 minutes, and the supernatant discarded. To ensure the complete conversion of the clay to its homoionic form, the solid phase was contacted again to 200 mL of fresh 1 M NaCl solution and the resulted suspension maintained under constant stirring overnight. Afterwards, the solid was filtered and washed several times with distilled water until a negative test for Cl − ions (by 0.1 M AgNO 3 ) was achieved. Upon this stage, the clay particles were dispersed in 200 mL of water and the suspension was placed in a sedimentation tube, the fraction below 2 µm was then separated by sedimentation according to Stockes law, recovered and dried on a filter paper at room temperature for 24 h.
The homoionic clay was subsequently characterized by X-ray powder diffraction (XRD) and Fourier transform infrared spectroscopy (FTIR).
XRD patterns were recorded at room temperature using a classical powder diffractometer (X'PERT PRO/ Philips) equipped with a Cu anode (quartz monochromator, kα 1 radiation, λ = 1.54056 Å).
Diffuse reflectance infrared spectra were recorded between 4000 and 700 cm -1 , using a FTIR Perkin Elmer 2000 spectrometer equipped with a DTGS detector. The sample was analyzed at room temperature using KBr pellets. The diffuse reflectance of the sample and of KBr used as non-absorbing reference powder was measured in the same conditions. The spectrum resolution was 4 cm -1 and the accumulation time was 5 min.
Chemicals and Reagents
All chemicals and reagents used in the electrochemical section were of analytical grade, and used as received. Paraquat was purchased from Supleco France, and a 10 −2 M stock solution was prepared in water. K 3 Fe(CN) 6 (>99%) and NaCl (99.5%) purchased from Prolabo were analytical grade. KMnO 4 (98%) was manufactured by Aldrich Chemie. The pH of solutions was adjusted by NaOH and HCl (37%) purchased respectively from BDH and Prolabo. All the aqueous solutions were prepared using double distilled water.
Working Electrode Preparation, Electrochemical Equipment and Procedures
The clay-modified working electrode was prepared as follow: the glassy carbon electrode (GCE) was first polished with an aqueous suspension of 0.05 µm alumina and ultrasonically cleaned for 5 minutes in a 1:1 ethanol:H 2 O mixture, then rinsed with distilled water and dried at room temperature. Aliquots of 10 µL of a suspension containing appropriate amounts of the clay were deposited by drop coating on the active surface (3 mm in diameter) of the GCE. The clay modified electrode was stored at room temperature for about 6 hours to ensure its complete drying before use. Cyclic voltammetry and square wave voltammetry measurements were conducted with a µ-autolab potentiostat equipped with the GPES electrochemical analysis system (Eco Chemie, Holland), and connected to a computer. A classical three-electrode system was used, comprising a wire tungsten auxiliary electrode, a saturated calomel electrode (SCE) used as reference and the modified clay-film working electrode. The pH measurement was performed with analog pH meter/model 301. Dearation was performed by purging nitrogen for 15 minutes. Multisweep cyclic voltammograms were recorded at room temperature, by immersing the working electrode in the "analyte + electrolyte" solution, at a scan rate of 50 mV⋅s -1 unless otherwise stated. The electrochemical procedure for paraquat analysis by stripping voltammetry involved two successive steps: an open-circuit accumulation followed by a voltammetric detection in a separate medium. Preconcentration was achieved by dipping the working electrode in a beaker containing an aqueous solution of paraquat at a given concentration. The solution was kept under constant stirring, and after a predetermined time, the electrode was promptly removed, rapidly rinsed with water and transferred into the electrochemical cell containing the detection solution where the accumulated species of paraquat were analyzed by square wave stripping voltammetry. Figure 1 (a) shows the infrared spectrum of Ba-Na + . It is characterized by the stretching and bending bands of OH as well as Si-O stretching. Bands in the 3697 -3626 cm -1 region are ascribed to OH stretching vibration, while the OH bending vibration band appearing at 1627 cm -1 is due to OH deformation of the interlayer water molecule [25, 26] . Si-O stretching vibration band is observed at 1032 cm -1 . The three bands identified in the region 800 -950 cm -1 are defined as vibration bands of Al-AlOH (928 cm -1 ), Al-MgOH (803 cm -1 ) and AlFeOH (877 cm -1 ) [27] . Figure 1(b) shows the X-ray diffraction pattern of Ba-Na + : a significant and broad peak (at 2θ = 9˚) is observed, indicating a poorly crystallized material with a d-spacing (d 001 ) of 10.1 Å. The peak at 2θ = 12.4˚C and 2θ = 19.8˚ are respectively due to traces of illite and feldspar present in the material as associated minerals [28] . 
Results and Discussions
Physicochemical Characterization of the Clay
Electrochemical Characterization of the Clay Ba-Na + by Permeation Studies
In order to gain precise information about the porosity of the Ba-Na + and its accumulating properties, this material was characterized in terms of both ion-exchange and permselectivity, by the means of clay film modified electrodes. It is well know that employing an ion exchange material as electrode modifier may constitute a strategy to enhance the local concentration of an electrochemical probe [29] . Thus, the homoionic clay was coated onto the GCE surface, and the resulting modified electrode was applied to the uptake of [Fe(CN) 6 ] 3− and PQ 2+ ions used as probes. The electrochemical of both probes was beforehand studied at the bare GCE, and as expected, the two compounds gave rise to well defined reversible cyclic voltammograms as shown by insets in Figure 2 : the peak heights, measured from the extrapolated baseline, were found to be 7.3 µA for 1.5 mM [Fe(CN) 6 ] 3and 14 µA for 40 µM PQ 2+ solutions respectively. These signals were stable upon continuous potential cycling. When the bare GCE was modified by a thin film of Ba-Na + material, the multisweep cyclic voltammetry performed in the same probe solutions gave rise to totally different behaviors as shown in Figures 2(a) and (b) . One can observe that the coverage of the electrode surface by a thin film of Ba-Na + prevents the free access of the negatively charged [Fe(CN) 6 ] 3electroactive probe to the electrode surface, due to unfavorable electrostatic interactions [30] . By contrast, when the analyte was changed from [Fe(CN) 6 ] 3to PQ 2+ , the presence of Ba-Na + film at the surface of the GCE enhanced dramatically its voltammetric response toward PQ 2+ species as compared to the bare electrode (Figure 2(b) ). During the first cyclic scan, the peak current is initially lower on clay modified electrode than that observed at bare glassy electrode. This can be explained by the fact that the film at the GCE acts somewhat as a physical and restrictive barrier which prevents paraquat species to reach the active surface of the GCE. Continuous cycling potentials induced increase in voltammetric signals which leads to a steady-state current for paraquat after about 40 cycles. The increase in peak current is due to both true physical diffusion of the analyte upon ion exchange in the coating and to a mass-charge transfer phenomena arising from potential scanning. In order to yield more insights in the electrochemical behavior of paraquat, further experiments were performed including the study of the effect of increasing the potential scan rate.
From Figure 3 , it appears that the peak current increases with the potential scan rate. A plot of the anodic peak current versus v 1/2 exhibits a linear dependence as indicated by the graph inserted in Figure 3 . This result shows that the charge transfer process at the clay-modified electrode is governed by diffusion. The results in this section has demonstrated that the presence of the clay cation exchanger at the GCE surface favors the accumulation by an ion exchange process of PQ 2+ , and and that the charge transfer within the clay modified electrode is controlled by diffusion.
Electrochemical Behavior of Paraquat in the Presence of KMnO 4
It was reported that the addition of an oxidative species in the detection medium can greatly improve the sensitiveity of the cathodic stripping voltammetric detection of electroactive compounds or ions [14] .
In this section, we investigated the effect of a strong oxidant ( 4 ions) on the electrochemical behavior of paraquat at the clay modified electrode. Figure 4 presents the stabilized cyclic voltammograms of 40 µM PQ 2+ obtained in 0.1 M NaCl, in the absence and in the presence of 4 ions in the supporting electrolyte. One can observe that paraquat yields a reversible system (Figure 4(a) ) on the clay-modified electrode without 4 in the medium as already shown in Figure 2 . However, when 4 species were added to the supporting electrolyte, the oxidation peak of paraquat disappears while the intensity of the cathodic signal increases significantly. This behavior is a consequence of the catalytic action of 4 species which promote the reduction of PQ 2+ into PQ + . In this process, when PQ 2+ ions accumulated on the clay film (Ba-Na + ) are reduced to PQ + , the later then catalyses the reduction of 4 at the film/permanganate solution interface, and are meanwhile reoxidized to PQ 2+ . This in-situ chemical regeneration of PQ 2+ in the vicinity of the electrode contributes to improve the reduction current: in fact, as soon as it is formed, this ion is immediately reduced at the electrode. The mechanism of this catalytic reaction is an electrochemical-chemical (EC) type between PQ 2+ and 4 ions described by the following equation in agreement with previous works [14] . In another hand, permanganate is electroactive on bare glassy carbon electrode in NaCl solution and it seemed important to check whether the presence of this compound in the electrolyte does not interfere with the signal of paraquat. Figure 5 shows the cyclic voltammograms obtained for 1.6 mM KMnO 4 in 0.1 M NaCl on the bare GCE (Figure 5(a) ) and on the same electrode modified by a film of the Ba-Na + clay (Figure 5(b) ).
It is noticed that, in the potential range from -1.1 to -0.3 V where PQ 2+ is electroactive, no signal is observed at the clay modified electrode for 4 . Indeed, the reduction of 4 is weak on the modified electrode due to unfavorable electrostatic interactions between the negatively charged clay particles and . The signals observed around -0.25 and 0.25 V for 4 on the clay modified electrode (Figure 5(b) ) could be explained by the presence of cracks or fissures on the film during the drying step of the preparation of this electrode [31] . These results clearly demonstrate the advantage of combining smectite clay and permanganate in the determination of paraquat. From the above cyclic voltammetry studies, it appear that Ba-Na + clay used as electrode modifier can be suitable for building an electrochemical sensor for paraquat.
As far as the elaboration of a sensor was concerned, we also investigated the behavior of PQ 2+ ions by the means of a pulse voltammetric technique. For this to be achieved, some preliminary experiments were run consisting of the detection using square wave voltammetry (SWV) of paraquat in a 0.1 M NaCl solution before and after the addition of KMnO 4 in the medium, upon 5 min preconcentration of PQ 2+ at open circuit by the GCE electrode modified by Ba-Na + . Figure 6 presents the SWV curves obtained consisting of a well defined but rather low peak when the detection cell contained only 0.1 M NaCl (Figure 6(a) ); when a suitable amount of 4 ions was added, the sensibility of the electrode was significantly improved: the peak current was 4.5 times more pronounced in comparison with the signal obtained without ions (Figure 6(b) ). 4 In fact, during the preelectrolytic step, the imposition of a suitable electrolysis potential permits the reduction of PQ 2+ accumulated on the film to PQ + . This reduced form of paraquat (PQ + ) oxidizes chemically MnO 4 ions to regenerate PQ 2+ during the anodic scan of potentials as previously explained in Section 3.3. In order to study the stability and reproducibility of the coatings at the GCE, five successive SWV experiments of the same film were performed in 40 µM of PQ 2+ solution. The coefficient of variation for the peak currents for all five measurements was calculated to be 2.5%, thereby indicating that the modified electrode has a good reproducibility. Some important physicochemical parameters involved in the stripping process will be now examined in order to optimize the sensitivity of the modified electrode, in view of its possible use as PQ 2+ sensor. 
Optimization of Parameters for Paraquat Detection
Influence of Permanganate Concentration
Given that the presence of 4 ions in the detection medium was shown to significantly increase the SWV signal of PQ 2+ , the effect of the concentration of 4 was investigated. It is noticed (see Figure 7) that the SW peak current of PQ 2+ increases significantly with the amount of permanganate in the concentration range from 0 to 1.6 mM. However, beyond 1.6 mM, there is a loss of sensibility of the electrode indicated by a decrease in the electrode response. Therefore, a permanganate concentration of 1.6 mM was chosen for the examination of other parameters.
Influence of Ba-Na + in the Suspension
The study of the effect of Ba-Na + proportion in the suspension used to prepare the film coated on the GCE was also expected to affect the electrode response. Figure 8 presents the evolution of the SW peak current when the detection of PQ 2+ was performed with clay modified electrodes prepared by using suspensions containing various amounts of Ba-Na + . The peak current was shown to increase with the amount of Ba-Na + coated material, up to a maximum value of 2 g⋅L -1 . Beyond this optimum value, increasing the proportion of clay (Ba-Na + ) lowers the current response, as a consequence of the film thickness that renders the mass transfer more difficult [32] .
Influence of pH in the Detection and
Accumulation Media The dependence of the electrochemical response of paraquat on the pH of the detection medium was studied by keeping the pH of accumulation medium around 7. The results obtained are presented in Figure 9 (a) where it appears that the electrode response increased in the pH range from 2 to 5 which is the optimal value reached, and then it decreased slightly to pH 9. In an alkaline medium, the sensor loses its sensibility because the catalytic reduction of 4 ions is not optimal in this pH range. Thus, there is low chemical recovery of PQ 2+ near the surface electrode which explains the decrease of peak current. Figure 9(b) shows the influence of the pH of the solution on the accumulation of PQ 2+ : a stable and low sensibility of the electrode was obtained in the acidic range between 2 and 5; the peak current then increased sharply from pH 5, reaching a small plateau at pH 7 till pH 8. Here, the competition between H + and PQ 2+ for the adsorption sites of Ba-Na + on the GCE could explain this observation [33] . The sensibility of the electrode is optimal at pH 8, and for more alkaline medium, the current decreased due to the degradation of viologen compound [34] .
Interferences Studies
Under the optimal experimental conditions defined above, the interference effect of some inorganic cations was eva- Table 1 showed that 1000-fold excess of K + and Cl − did not interfere with the analysis of PQ 2+ . However, 4 ions influence slightly at 500-fold excess while Mg 2+ , Pb 2+ and Cu 2+ at concentration 500 times larger than PQ 2+ interfered by decreasing the PQ 2+ intensity. Zn 2+ interfered mostly with the analyte beyond 100-fold excess. 2 
SO −
Influence of Paraquat Concentration
On the basis of optimized conditions obtained in previous sections, a calibration curve was established when the paraquat concentration in the accumulation medium was varied between 1.6 µM to 2.8 µM. It is important to mention that the electrolysis potential and duration were also investigated (results not shown), and the optimal values for the two parameters were -0.9 V and 180 seconds. The SW voltammograms obtained and the corresponding calibration plot is shown in Figure 10 : the slope and the correlation coefficient are 2.4 µA M -1 and 0.999 respectively. The detection limit (S/N =3) was found to be 3.8 × 10 -9 mol L -1 . This value is better in comparison to others gathered from literature for the electrochemical determination of the PQ 2+ at chemically modified electrodes [15, 35] . The validation of the procedure herein proposed for paraquat sensor was examined by determining this pollutant in water. A spring water sample was collected, and its analysis does not shown the presence of paraquat. The sample was thus spiked with the analyte. The recovery amount of 97% was obtained if the spring water was spiked with 2 µM of PQ 2+ ( Table 2) . This result clearly indicates that the voltam Table 1 . Effect of interference ions on the response of the GCE/Ba-Na + to 40 µM PQ 2+ . metric procedure established in the present study could be applied for PQ 2+ sensing in environmental polluted media.
Ions
Conclusion
The work carried out in this paper has led to a simple but quite performant SW voltammetric method for the sensitive determination of paraquat in aqueous media. This was achieved by means of a natural clay film-modified glassy carbon electrode that was exploited for the preconcentration at open circuit of paraquat followed by its detection by square wave voltammetry in a separate solution containing KMnO 4 . The sensitivity of the sensor was largely improved due to the catalytic action of in the detection medium.
